Abstract. Catheterization of cerebral vessels in three obese patients undergoing 5-6 wk of starvation demonstrated that /8-hydroxybutyrate and acetoacetate replaced glucose as the predominant fuel for brain metabolism. A strikingly low respiratory quotient was also observed, suggesting a carboxylation mechanism as a means of disposing of some of the carbon of the consumed substrates.
Introduction
Numerous studies performed after brief postabsorptive periods have shown that the only significant energy-yielding substrate consumed by brain is glucose, at rates of 110-145 g/24 hr (2-4). In adult man glucose and glycogen stores amount to 150-300 g, and the protein mass is approximately 6-8 kg (5) . Although the fat depot may be massive and glycerol from neutral fat can be converted to glucose, net gluconeogenesis from fatty acid carbon has not been demonstrated in mammalian systems. If the central nervous system does maintain an absolute requirement for glucose during starvation, this substrate must be derived from the limited carbohydrate stores, from de novo synthesis from amino acids from protein, and from other precursors such as glycerol from adipose tissue, or lactate recycled from glycolytic tissues.
The use of prolonged starvation for the treatment of obesity has posed a fascinating problem; namely, that man is capable of fasting for periods of time beyond which he would have utilized all of his carbohydrate resources and all of his proteins for gluconeogenesis in order to provide adequate calories as glucose for the central nervous system.
This study was designed to clarify the apparent paradox, and it was found that f?-hydroxybutyrate and acetoacetate replace glucose as the brain's primary fuel during starvation. In addition, a surprisingly low respiratory quotient was observed due to failure to recover substrate carbon as CO2, suggesting a carboxylation by a pathway not yet defined. Methods Subjects. Three obese subjects were admitted for study to to six periods of study. The concentration of the metabolites showed no significant decrease or increase throughout the catheterization study, supporting our desire that the values represent true steady-state conditions and therefore not be subject to the problems incurred by changes in levels or pool sizes. Also presented are the means of the arteriovenous differences for the three subjects. Of note in Table IV are the relatively reduced glucose uptake of 0.26 mmole/liter (4.7 mg/100 ml), the significant production of lactate and pyruvate, and the significant uptake of /8-hydroxybutyrate and acetoacetate. The large error in the determination of a-amino nitrogen, as well as the variations in the differences for each study period, diminishes the significance of the uptake of this substrate. Of more importance is the large standard error in each subject for the uptake of free fatty acids, the mean being insignificant for each individual subject, as well as an insignificant mean arteriovenous difference for the average of all three subjects. Cerebral blood flow was determined by the external techniques in subjects F. N. and M. L. and also by internal monitoring in F. N. Accidental unavailability of 85Kr prevented similar measurements in M. B. By these techniques, cerebral blood flow in both subjects was exactly 45 ml/ 100 g per min. This is slightly lower than the mean value reported in the literature ( 19) , but yet within the normal range. It should be emphasized, however, that the flow determinations are only approximations, since only a single assay was performed in each subject in contrast to the repeated steadystate values for gases and substrates. Nevertheless, the fact that F. N.'s flow was the same when calculated from both internal and external techniques gives validation to the observation.
Table V presents the calculated mean values for substrates removed and produced for each liter of blood perfusing the brain. Also presented are the calculated oxygen equivalents which would be needed for total combustion of the substrates to CO2, as well as the amount of CO2 theoretically produced from each substrate. Appropriate corrections are made for the lactate and pyruvate produced from glucose. The total calculated oxygen consumption of 3.06 mmoles/liter (6.85 volumes/100 ml) agrees well with that determined directly, 2.96 mmoles/liter (6.63 volumes/100 ml). In contrast, the calculated CO2 which should have been produced, 2.81 mmoles/liter (6.30 volumes/ 100 ml), is far in excess of that directly determined, 1.90 mmoles/liter (4.25 volumes/100 ml). This striking discrepancy in recovery of expected CO2 is also reflected in the extremely low respiratory quotients listed in Table IV .
Discussion
Assuming a quantitatively minimal loss of nitrogen by routes other than urine, one can simply calculate a theoretical value for glucose synthesized from nitrogen loss by simply equating 1 g of nitrogen to 6.25 g of protein.
Theoretically, 57 g of glucose may be derived from 100 g of protein (20) . The average nitrogen loss per 24 hr in these three subjects during the last week of fasting was 3.72 g, and this would yield about 14 g of glucose. Although in good agreement with the glucose: nitrogen ratio of Stiles and Lusk (21) , it is possibly in excess since a considerable per-centage of the nitrogen loss in the urine is not from glucogenic sources, e.g., creatinine and uric acid.
Another source of glucogenic precursor is adipose tissue glycerol, which in fat approximates 10% of the weight of the triglyceride molecule. Table II shows that about 1729 cal are derived from fat daily, producing 19 g of glycerol which can be incorporated into glucose, for a total, when added to that derived from nitrogen, of approximately 33 g of glucose synthesized daily. A third source for glucose is lactate and pyruvate returning to the liver and kidney from glycolysis, the greatest proportion of which is produced by the red cell mass, a quantity approximately 30-40 g/ day (22) . However, these two substrates are quantitatively reincorporated into glucose, and therefore are not lost by terminal oxidation and do not contribute to net carbohydrate loss. The fourth source of potential glucose is the stored liver and muscle glycogen (the latter available by glycolysis to lactate and pyruvate and then by resynthesis to glucose in the liver); since the total sum, as stated earlier, is only about 150-300 g, by the 5th or 6th wk of fasting this amount probably does not contribute significantly to daily glucose production. Thus, a sum of approximately 33 g of glucose or less is available for terminal oxidation by the body.
By combining the measurement of blood flow with the arteriovenous differences, the rate of utilization or production of specific metabolites can be quantitatively estimated. Turning to Table V, the average glucose uptake, after subtracting the amount glycolyzed to lactate and pyruvate, is 0.145 mmole/liter (2.6 mg/100 ml). This is markedly less than the usual 9-10 mg/100 ml observed in our laboratory while the techniques which little or no production of lactate or pyruvate was observed (25) (26) (27) (28) . Similar data were observed in our laboratory while the techniques and methods used to study these fasted subjects were validated. With measured cerebral blood flow of 45 ml/100 g of tissue per min, and assuming a brain size of 1400 g the 24 hr glucose oxidation would approximate 24 g, which agrees well with the theoretical maximum of 33 g calculated from nitrogen execretion and glycerol from adipose tissue as described above. The third confirmatory evidence for this marked reduction in glucose metabolism has been data, which obtained from hepatic and renal vein catheterization studies,' demonstrated that the liver almost totally ceases to synthesize glucose from amino acids and that the kidney assumes the role of the major source of this diminished amount of glucose daily produced and consumed during starvation.
Of interest are the data presented in Tables IV   and V, which According to most observations, the respiratory quotient of brain, which glucose serves as sole energy source, is close to unity (2, 3, 25).
Brain, however, contains enzymes for all the major metabolic pathways (29) (30) (31) , including fixation of CO2 (31, 32) ; and oxidation of keto acids has been demonstrated in vitro (30, 33, 34) . In addition, Kety et al. (35) noted decreased respiratory quotients in patients in diabetic ketoacidosis; but direct utilization of keto acids has not been found in this condition (3) or in fat-fed animals (36). G6ttstein et al. also observed decreased respiratory quotients in patients with cerebral arteriosclerosis (37) . Additional indirect evidence for a novel carboxylation reaction which would result in a low quotient has been Sacks' studies on glucose-14C oxidation in human brain whereby only 50%o of glucose-carbon that is oxidized is recovered in effluent CO2 and HCO:, (38) .
A possible objection to this study is the use of obese subjects and the utilization-of these data as representative of normal man, but it is extremely doubtful if these subjects do differ from normal, nonobese individuals fasted over the same duration. Indirect evidence of this fact is the nitrogen excretion of Benedict's nonobese subject (39) , the nitrogen loss of the other nonobese "professional" fasters studied at the turn of the century (40) , and in addition our own prior study of nitrogen loss during a shorter period of fasting in normals (10) , which suggest the same progressive decrease in gluconeogenesis as brain adapts to keto acid utilization, and which are superimposable with our observations in the three obese subjects.
Finally, a few general comments seem in order. Man's capability to survive marked extremes in caloric intake depends, at least in part, on his ability to store fuel in an economical form. This means that the depot should have the highest calorie: weight ratio, should be capable of meeting substrate requirements for all tissues, and should be expendable without adverse effects. Survival during prolonged fasting, particularly in a primitive setting, obviously necessitates maximal sparing of nitrogen depots, of which the major portion is muscle. Fat has the greatest caloric potential per unit weight and is readily expendable. 8-Hydroxybutyrate and acetoacetate utilization by the brain shows that fat products may even satisfy the central nervous system's substrate requirement, and therefore circumvent the need for gluconeogenesis and concomitant nitrogen depletion. Finally, our subjects failed to show any deficit on psychometric testing, and electroencephalographic tracings remained unchanged, which suggests that the keto acids did fulfill the predominant energy requirement in a satisfactory fashion.
